INTRODUCTION
Lignin biodegradation is an oxidative process carried out principally by white-rot basidiomycetes. These fungi have developed an unspecified extracellular system which includes ligninolytic enzymes, such as lignin peroxidase, manganese peroxidase and laccase, and enzymes responsible for the production of hydrogen peroxide (H # O # ), such as glyoxal oxidase and aryl-alcohol oxidase (AAO) [1] [2] [3] . Pleurotus eryngii and related species degrade lignin preferentially [4] (i.e. with a limited degradation of cellulose), a relevant characteristic for environmentally friendly biotechnological applications in the pulp and paper industry [5] . This white-rot fungus excretes, both in liquid and solid-state fermentation cultures, AAO, laccases and peroxidases [6] [7] [8] . Amongst the latter group of enzymes has been reported a new type of peroxidase that can oxidize Mn# + as well as phenolic and non-phenolic aromatic compounds [7] . The laccase isoenzymes oxidize different substituted phenols and aromatic amines [8] , and non-phenolic compounds in the presence of mediators [9] . The AAO presents wide substrate specificity on benzyl, cinnamyl, naphthyl and aliphatic unsaturated primary alcohols [6] . AAO activity was first reported in cultures of Polystictus ersicolor (a synonym of Trametes ersicolor) [10] and has been purified from other basidiomycetes [6, [11] [12] [13] [14] . P. eryngii AAO is involved in the continuous production of H # O # a co-substrate of ligninolytic peroxidases [3] , via aromatic aldehydes redox cycling [15, 16] . On the other hand, H # O # reduction by Fe# + (Fenton's reaction) produces the hydroxyl free radical which is considered to be involved in the initial attack on lignin when the ligninolytic enzymes are not able to penetrate the lignocellulose matrix [17, 18] . Recently, gene cloning and molecular modelling of Mn# + -oxidizing peroxidases involved in degradation of lignin by P. eryngii have been reported [19, 20] . However, AAO had not been cloned in this or other fungi, despite the importance of extracellular production of H # O # in lignin biodegradation. The aim of the present work was to provide the first molecular characterization of the gene encoding AAO.
Abbreviations used : AAO, aryl-alcohol oxidase. 1 To whom correspondence should be addressed (e-mail mjmartinez!cib.csic.es).
search for proteins with related amino-acid sequences revealed that glucose oxidase from Aspergillus niger has 33 % identity and 51 % similarity. A comparison with other oxidoreductases showed common motifs in both N-and C-terminal regions corresponding, respectively, to the FAD-binding region and the enzyme active site. However, AAO probably has structural differences with other oxidases, as deduced from its unique ability to generate H # O # from the oxidation of aromatic alcohols.
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MATERIALS AND METHODS

Organisms, media and growth conditions
P. eryngii A.T.C.C. 90787 (IJFM A 169) was grown in glucoseammonium medium [6] . Homogenized 6-day-old pellets were used as inoculum (1 g\l) and the cultures were grown at 28 mC and 180 rev.\min in an orbital shaker. The Escherichia coli strains used were DH5α (Life Technologies Inc.) for cloning and plasmid propagation, XL1-Blue MRA and MRA-P # strains (Stratagene) for titering and screening of the genomic library (prepared in the replacement λEMBL3 vector), XL1-Blue MRFh, for cDNA and SolR, for in i o excision. They were grown in Luria-Bertani (LB) or amine-yeast extract medium (NYZ) [21] . All fragments were subcloned in pBluescript II SK (j\k) (Stratagene).
AAO activity and enzyme purification, characterization and hydrolysis
AAO activity was assayed as the oxidation of veratryl (3,4-dimethoxybenzyl) alcohol to veratraldehyde (ε $"! 9300 M −" :cm −" ) in 0n1 M sodium phosphate, pH 6n0 [6] . One unit of enzymic activity was defined as the amount of enzyme transforming 1 µmol of substrate\min.
AAO was purified from P. eryngii cultures grown in glucoseammonium medium as described by Guille! n et al. [6] . After the last chromatographic step on a Mono-Q column, AAO was Ndeglycosylated with 125 m-units\ml of endo-β-N-acetylglucosaminidase (Boehringer) and SDS\PAGE of native and deglycosylated proteins was performed in 7n5 % (w\v) polyacrylamide gels which were stained with AgNO $ . Samples of deglycosylated protein were hydrolysed with trypsin (5 % w\w) in 0n4 M NH % HCO $ (37 mC for 24 h), and peptides were separated in a C ") column using 0-70 % (v\v) acetonitrile gradient in 0n1 % (w\v) trifluoroacetic acid (1 ml\min flow). N-terminal sequences
Figure 1 Strategy used for cloning P. eryngii aryl-alcohol oxidase
A unique protein peak was obtained after the last purification step with Mono-Q chromatography (top-left-hand panel). The protein was hydrolysed with trypsin and peptides were purified by C 18 chromatography (top-right-hand panel). The N-terminal sequence of AAO and tryptic peptides a and b were obtained and degenerate oligonucleotides were synthesized which included Eco R1 cleavage sites (bottom-right-hand panel). Two successive PCRs were performed (bottom-left-hand panel). In the first, genomic DNA was used as template, and oligo Nt-AAO together with oligos Nt-a or Nt-b were used as primers. The two amplified products were used as templates for the second PCR with oligo Nt-AAO as first primer and oligos Nt-b or Nt-a, as second primers. Finally, a 0n5 kb fragment was amplified, sequenced and cloned in pBluescript. This fragment was used a probe for screening the genomic DNA library.
were obtained by automated Edman degradation of 7 µg of protein in a Applied Biosystems protein sequencer.
Preparation of DNA probes, cloning and sequencing
DNA was extracted from 6-day-old mycelium with phenol\ chloroform\3-methylbutan-1-ol [22] . mRNA was obtained from P. eryngii 6-day-old cultures using the Ultraspec RNA isolation system (Biotech).
Three DNA primers were synthesized, using an oligonucleotide synthesizer (Beckman-oligo 1000 M), corresponding to : the sequence encoding part of the N-terminus of the mature protein (oligo Nt) and reverse and complementary sequences encoding part of the N-terminal sequences of two tryptic peptides. EcoRI cleavage sites were included in the 5h terminal regions of the primers for subsequent cloning. PCR was used to prepare the DNA probe for screening a genomic DNA library. Reactions were carried out in 100 µl volumes with 0n1 µg of DNA, 400 pmol of each primer and 2n5 units of Amplitaq (Perkin-Elmer Cetus). The reaction program consisted of : (i) one cycle of 2 min at 94 mC, 1 min at 55 mC and 2 min at 72 mC ; (ii) 35 cycles of 35 s at 94 mC, 1 min at 55 mC and 2 min at 72 mC ; and (iii) one cycle of 10 min at 72 mC. PCR products from genomic DNA were separated in 0n8 % agarose gels in 1i Tris\acetate buffer [21] , excised and purified using the Geneclean BIO101 kit (BIO 101, Vista, CA, U.S.A.) and the fragments cloned.
mRNA was purified from total RNA using oligo(dT)-cellulose (mRNA purification kit from Pharmacia-Biotech). For preparation of the first and second cDNA strand the ZAP-cDNA Synthesis Kit (Stratagene) was used. The cDNA was ligated into the Uni-ZAP XR Vector (GigapackII Gold Cloning Kit, Stratagene) and products were packaged using Gigapack II Gold extracts (Stratagene).
Both DNA chains were sequenced using an automatic sequencer ABI model 377 version 2.2.1. Synthetic oligonucleotides were used as primers in automatic sequencing. GCC software package and BLAST and EXPASY programs were used for analysis, alignment and comparison sequences.
RESULTS AND DISCUSSION
The time-course of AAO activity showed a pattern similar to that described by Guille! n et al. [23] , although the maximal activity Cloning of fungal aryl-alcohol oxidase
Figure 2 Nucleotide and predicted amino acid sequences of gene aao from P. eryngii
Putative general transcription (one TATATA and two CAAT boxes) and response elements, to metals (MRE), xenobiotics (XRE), heat-shock (HSE), and signals for regulatory proteins implicated in oxidative stress (AP-1), regulation by nitrogen (AP-2) and carbon sources (CreA), are indicated in the promoter region, while the polyadenylation signal and site are indicated in the 3h-flanking region (boxes). The gene includes 12 introns, which show typical initiation and end sequences (italics). The amino acid sequences confirmed by N-terminal sequencing of the mature AAO protein and tryptic peptides are underlined. The accession number for these sequences is AFO64069. [32, 33] .
levels were lower. The AAO was isolated from 15-day-old cultures showing the maximal activities (15 units\l ). An homogeneous peak with absorbance at 280 and 460 nm, the latter characteristic of flavoproteins, was obtained after Sephacryl S-200 and Mono-Q chromatography (Figure 1 , top-left-hand panel). Homogeneity was confirmed by SDS\PAGE. The strategy to obtain the probe for the gene aao of P. eryngii is shown in Figure 1 . The N-terminal sequences of AAO and the tryptic peptides corresponding to peaks a and b were obtained and degenerate oligonucleotides encoding part of these sequences were synthesized. Using genomic DNA as a template a 0n5 kb fragment was amplified (Figure 1) , which was cloned into the pBluescript SK(j\k) vector, and used as a probe for plaquehybridization screening of the genomic DNA library. Two overlapping positive clones were purified and their DNA was digested with restriction enzymes. A SalI fragment (around 9 kb) that hybridized with the probe was digested with PstI, yielding fragments of 3n9 and 5 kb. Although only the 3n9 kb fragment hybridized with the aao probe, both were subcloned into the pBluescript SK (j\k) vector and sequenced. The 3n9 kb fragment contained 2n1 kb of the aao gene, including the N-terminal region of the protein, and the 5 kb fragment contained 2n2 kb including the C-terminus. The 3n9 kb fragment was used as a probe for screening of the cDNA library. Plaques selected with cDNA inserts were in i o excised and sequenced.
The main characteristics of the aao gene from P. eryngii and its 5h and 3h-flanking sequences are indicated in Figure 2 . A total of 4375 bp was sequenced, 747 nucleotides corresponding to the 3h-flanking region (the accession number for the full sequence is AFO64069). The aao gene has an open reading frame of 1779 bp, which starts with the ATG codon in position j1 and ends with the TAG codon in position 2443. It is interrupted by 12 introns, of average length 55 bp (51-62), showing 5h-splice (GTDHSY), 3h-splice (YAG) and internal lariat (NNYTNAY) sequences typical of fungal genes [24] . The aao gene encodes a 593 amino acid protein, including a 27 amino acid signal peptide which was deduced after identifying the sequence corresponding to the Nterminus of mature protein. The molecular mass from the protein sequence was estimated to be 71n2 kDa, 2 % lower than calculated for the N-deglycosylated protein after SDS\PAGE [6] . The mature protein contains six potential N-glycosylation sites, at Asn-89, -165, -178, -249, -352 and -396, according to the sequence (Asn-X-Ser\Thr) described for other fungal proteins [25] . The preference in codon usage is for those ending in C and A. The 1185 bp upstream sequence of the aao gene includes, in addition to the general transcription sequences CAAT and TATA, putative binding sites for regulatory proteins mediating the response to metals (MRE) [26] , heat shock (HSE) [27] and xenobiotic compounds (XRE) [28] . The influence of Mn# + in the regulation of ligninolytic enzymes of P. chrysosporium has been reported [29] . Therefore, the positive effect of Mn# + on AAO levels in cultures of P. eryngii [7] could indicate a regulation by Mn# + of aao expression. The XRE sequence suggests possible regulation by aromatic compounds, as described for the cytochrome P450 gene [30, 31] . Studies on regulation of P. eryngii AAO by H # O # , Mn# + and aromatic compound are in progress. The P. eryngii AAO has 33 % and 18 % identity (51 % and 41 % similarity) with glucose oxidase from the ascomycetous fungus Aspergillus niger and with aryl-alcohol dehydrogenase from the ligninolytic basidiomycete P. chrysosporium, respectively. A comparison of the mature AAO sequence with other oxidoreductases indicates motifs common with other flavoenzymes. The N-terminal region (Table 1) includes a β-α-β motif involved in binding of the AMP moiety of the FAD cofactor [32] . The second homologous region shared by AAO and other oxidoreductases is near the C-terminus (Table 2) , corresponding to the active site [32] . AAO and other alcohol oxidases have a deletion of three amino acids (Val-Gly-Cys) compared with disulphide oxidoreductases [32] . Most of the alcohol oxidases oxidize methanol, propan-1-ol and butan-1-ol, and have no activity on aromatic alcohols [33] . However, the AAO found in Pleurotus species [6, 13, 14] , Bjerkandera adusta [11] and P. chrysosporium [12] is able to oxidize aromatic alcohols. This enzyme has no activity on aliphatic saturated alcohols, although the AAO from P. eryngii has high activity on some aliphatic polyunsaturated alcohols [6] . Differences in substrate specificity of alcohol oxidases are probably due to differences in the active site of these enzymes. Crystallization and molecular modelling of AAO are currently in progress to provide a structural basis for the unique catalytic properties of this alcohol oxidase, which acts synergistically with Mn-oxidizing peroxidase to provide the H # O # necessary for lignin degradation.
